We investigated the effects of sequential and prolonged exposure to high and low wall shear stress on arterial remodeling using a rabbit arteriovenous fistula (AVF) model. Hemodynamic factors are important regulators of artery wall structure. Intraluminal pressure regulates artery wall thickness through its effects on wall tension, and blood flow regulates arterial lumen diameter through changes in wall shear stress.
Hemodynamic factors are important regulators of artery wall structure. Intraluminal pressure regulates artery wall thickness through its effects on wall tension, and blood flow regulates arterial lumen diameter through changes in wall shear stress. [1] [2] [3] [4] Endothelial cells have a central role in regulating the structural adaptations to sustained alterations in blood flow by their ability to sense changes in flow and wall shear stress and to alter the production of growth factors and metalloproteinases, which are required in the remodeling process. 5, 6 Atherosclerotic intimal thickening is reduced in regions of high flow velocity and high wall shear stress, and increased in regions of low wall shear stress. 4, 7 However, the effect of prolonged and alternating exposure to high and low wall shear stress on arterial remodeling and intimal thickening is unclear.
Thoma 8 first showed in 1893 that "acceleration of flow speed results in widening of lumen and its slowing results in narrowing." Since then it has been recognized that arteries dilate in response to increased blood flow and narrow as blood flow decreases. Kamiya and Togawa 2 suggested that arteries change luminal diameter to keep wall shear stress at a certain constant level (10 to 20 dynes/cm 2 ). For arteries to enlarge in response to chronic high flow and shear stress, structural changes in the arterial wall are necessary. These changes include endothelial cell proliferation, internal elastic lamina degeneration, medial smooth muscle cell proliferation, and arterial dilation with no intimal thickening. enlarged and remodeled in response to high flow conditions, wall shear stress is reduced to very low levels. We have shown that under these conditions intimal thickening is induced in the afferent, enlarged artery. 9 Sequential increases and decreases of shear stress induce layers of intimal thickening, with each intimal layer accumulating only during low wall shear stress conditions. These changes were noted on cross-section of the carotid artery at one level proximal to the arteriovenous fistula (AVF), with no information on morphologic changes along the length of the afferent carotid artery. Adaptive remodeling of arteries exposed to high shear stress is not uniform along the length of the artery, 10, 11 suggesting that responses to low shear stress also may not be uniform along the length of the artery.
The purpose of this study was to determine the remodeling response of arteries along their length in response to periods of repeated and prolonged exposure to alternating high and low wall shear stress on the arterial remodeling process and the development of intimal thickening in various segments of carotid artery, and to aid our understanding of the mechanisms of flow-induced arterial remodeling, whether the adaptive remodeling is variable along the length of the artery when exposed to periods of high and low wall shear stress.
MATERIAL AND METHOD

Animal surgery
We used an experimental model, which allowed alteration of blood flow in the common carotid artery (CCA) of rabbits by repeatedly opening and occluding a carotidjugular AVF. Japanese white male rabbits (3-4 kg) were anesthetized with inhalation anesthesia with sevoflurane (1.5%, with oxygen/nitrous oxide [2:1]) after premedication with intramuscular xylazine (4 mg/kg) and ketamine (25 mg/kg). With sterile technique the left CCA and corresponding external jugular vein were mobilized. A 5-mm side-to-side anastomosis was constructed between the artery and vein, as described. 6, 9 To restore normal blood flow, animals were anesthetized again and a repeat operation was performed with surgical exposure of the AVF. A removable surgical clip (Sugita clip) was placed across the jugular vein while maintaining flow in the carotid artery. Animals were again allowed to recover. The second cycle of flow alteration was created with surgical reexposure of the AVF and removal of the Sugita clip from the jugular vein to restore flow into the AVF. The third cycle of flow alteration was similarly created with surgical exposure of the fistula and removal of the Sugita clip to restore flow into the fistula. The animals were housed individually and cared for in accordance with the Japanese Community Standard on the Care and Use of Laboratory Animals, which follows the criteria of the National Research Council for humane care as outlined in the Guide to Care and Use of Laboratory Animals prepared by the National Academy of Services and published by the National Institutes of Health. The Animal Research Committee of Akita University School of Medicine approved all protocols for animal experimentation.
Experiment design
Sequential increase and decrease in blood flow. Four weeks of high flow with the AVF open was a half cycle of flow alteration (0.5 cycle, n ϭ 5). Four weeks of AVF open followed by 6 weeks of AVF closed was one cycle of flow alteration (1.0 cycle, n ϭ 5) in the left CCA. Sequential opening of the AVF for 4 weeks and closing of the AVF for 6 weeks, then reopening the AVF for 4 weeks was 1.5 cycles (1.5 cycle, n ϭ 5), and sequential closing of the AVF for 6 weeks was 2.0 cycles (2.0 cycle, n ϭ 6). Similarly, animal groups with 2.5 cycles (n ϭ 6) and 3.0 cycles (n ϭ 8) of alternating high flow and normal flow were studied. Sham operations with three repeated surgical exposures simulating AVF creation and repeated surgical exposure to simulate AVF closure were performed in three animals.
Prolonged AVF open followed by prolonged AVF closed. The study included three periods of prolonged AVF open, followed by AVF closed: 4 weeks of AVF open, followed by 26 weeks of AVF closed (4w-26w, n ϭ 5); 8 weeks of AVF open, followed by 22 weeks of AVF closed (8w-22w, n ϭ 5); and 15 weeks of AVF open, followed by 15 weeks of AVF closed (15w-15w, n ϭ 5).
In situ outer diameter. Outer arterial diameter was measured in situ from intraoperative 35-mm macroscopic photographs of the left carotid artery taken at a standard location 10 to 15 mm proximal to the thyroid artery branch at each time point and compared with a reference scale in the plane of the artery.
Blood flow. Blood flow rate in the left CCA was measured before AVF creation, immediately after AVF creation, before AVF closure, immediately after AVF closure, and when the animals were sacrificed, with use of an electromagnetic flow meter (Nihon Kohden), at the same standard location 10 mm proximal to the thyroid arterial branch in all experimental animals.
Harvesting and preparation of animal CCAs. Animals were sacrificed as previously described. 6, 9 The carotid arteries were pressure perfusion fixed with 3% glutaraldehyde buffered in 0.1 mol/L of phosphate buffer (pH 7.4) at a pressure of 100 mm Hg at room temperature. After fixation, the carotid arterial trees were carefully excised and prepared by cutting off the soft tissue. The length of the left CCA from its orifice to the thyroid arterial branch was measured and divided into six equal segments, two proximal, two in the middle, and two distal. Each segment was processed for histologic analysis and scanning electron microscopy.
Specimens for histologic analysis were stained with hematoxylin-eosin and elastica Masson stain. Specimens for scanning electron microscopy were dehydrated with alcohol, and dried with the critical point technique. After trimming, mounting, and coating with gold-platinum, the specimens were examined with a scanning electron microscope (JSM-5200; JEOL).
Histometric analysis.
Histometric analysis was performed on elastica Masson-stained histologic sections as described. 9 Circumferential length of the lumen, internal elastic lamina, and outer media were measured. When several layers of intima thickening were recognized, the layer nearest the internal elastic lamina was named the first layer (i1), the next layer toward the lumen was named the second layer (i2), and the next layer toward the lumen was named the third layer (i3). The inner circumferential lengths of i1 and i2 were measured separately. The inner circumferential length of i3 was the same as the circumferential length of the lumen. From these values, carotid arterial luminal diameter (LD), and cross-sectional area of the media (CSAm) and the intima (CSAi) were calculated. To correct for shrinkage during the fixation and staining procedure, the shrinkage index (ϫ1.25 for length and ϫ1.56 for area) was used. 9, 10, 12 Wall shear stress. Wall shear stress, in dynes per square centimeter, was calculated assuming Poiseuille flow: WSS ϭ 0.03 ϫ 4 (BFR)/60(LR) 3 , where WSS is wall shear stress, 0.03 is viscosity as poise, BFR is blood flow rate, and LR is lumen radius. 9, 10, 12 Statistical analysis. All data are expressed as mean Ϯ SD. Differences among groups were assessed using analysis of variance and Bonferroni statistical analysis of means. Differences were considered significant at P Ͻ .05. (Fig 1, B) after AVF closure.
RESULTS
Blood
Length of left CCA. The length of the left CCA from its orifice to the thyroid artery branching increased by 37% after 4 weeks of high flow, then decreased by 10% after 6 weeks of normal flow. The second exposure to high flow further elongated the artery by 22%, with 8% shortening during the second period of normal flow. The third exposure to high flow induced further artery elongation by 10%, with no significant shortening after restoration of normal flow (Table I) . Elongation of the carotid artery was accompanied by development of significant tortuosity, particularly in the distal portion of the artery (Fig 2, A-D) . The ability of the artery to recover and return to its normal length was limited, and disappeared with prolonged exposure to high flow. In situ outer diameter of distal left CCA. The outer diameter of the left CCA at the distal segments increased and decreased in response to sequential increases and decreases in blood flow. During the first period of high flow, outer diameter increased by 80%, then decreased by 20% after normal flow was restored. Outer diameter further enlarged by 48% during the second period of high flow, with a 14% decrease in diameter after closure of the AVF. The third period of high flow induced a further 25% artery enlargement, which decreased by 13% after flow was returned to normal (Fig 2, E) . Finally, after three cycles of flow alteration, outer diameter was enlarged 2.2-fold compared with its preoperative value (P Ͻ .0001). Outer diameter changes were similar among animals with prolonged nonsequential alteration in blood flow. Among 4w-26w animals, outer diameter was enlarged by 85% during high flow, then decreased by 21% during 26-week exposure to normal flow. Longer exposure to normal flow does not result in return to more normal diameter. Among animals exposed to 8 weeks of high flow, outer diameter increased by 100%, then decreased by 11% with 22 weeks of normal flow. Among animals exposed to 15 weeks of high flow, outer diameter increased by 140%, then decreased by only 10% during 15 weeks of normal flow (Fig 2, F) . Thus the degree of arterial enlargement was directly related to the duration of artery exposure to high flow. With long-term continuous exposure to high flow the artery enlarged more than with repeated short-term exposure to high flow. Restoration of normal blood flow after flow-induced artery enlargement results in only limited return to normal artery diameter. The greater the arterial enlargement in response to high flow, the less the ability of the artery to return toward normal diameter after normal flow is restored.
Lumen diameter. The lumen diameter in the proximal, middle, and distal segments of the CCA were calculated with histomorphometry. Lumen diameter in all carotid segments exposed to high flow, with or without cycles of flow alteration, was greater than in sham-operated control animals. Lumen diameter increased during periods of high flow, and decreased during periods of normal flow. Changes in lumen diameter in response to sequential changes in flow are shown in Table II . In sham-operated control animals there was no difference in lumen diameter in the proximal, middle, and distal CCA. In all arteries exposed to high flow for 4 weeks or longer there was significant enlargement of lumen diameter. At each time point lumen diameter was greater in the distal carotid segment compared with the proximal carotid segment. Arteries sampled at the end of exposure to high flow (cycles 0.5, 1.5, and 2.5) had larger lumen diameters compared with those sampled at the end of normal flow (cycles 1.0, 2.0, and 3.0) (P Ͻ .001). Changes in lumen diameter in the proximal and middle segments, in particular, were modest, and especially in the proximal segments. When arteries that had enlarged in response to high flow were exposed to normal flow, lumen diameter decreased, but did not return to normal. There was no difference in lumen diameter between arteries exposed to high flow for 4 weeks (0.5 cycle) followed by normal flow (1.0 cycle) and arteries exposed to two cycles of high flow followed by normal flow (2.0 cycle). There was a significant increase in lumen diameter between arteries exposed to 1.0 cycle and 3.0 cycle.
Arteries exposed to a prolonged single cycle of high and low flow (8w-22w and 15w-15w) demonstrated greater enlargement in lumen diameter than did arteries with sequential but intermittent exposure to similar periods of high flow (cycle 2.0 and cycle 3.0), despite prolonged exposure to normal flow (22w and 15w) (Table II) .
Wall shear stress. Wall shear stress was calculated in the proximal, middle, and distal segments of the left CCA, respectively. Wall shear stress increased immediately after AVF creation, and gradually decreased as a result of arterial enlargement. This was particularly true in the middle and distal carotid segments, where arterial lumen enlargement was greater (Table III) . After AVF closure wall shear stress decreased immediately and significantly in all carotid segments, as a result of return of blood flow to normal. Wall shear stress was lowest in the distal carotid segments, where maximal arterial enlargement occurred and lumen diameter was greatest. Wall shear stress was 2.2 Ϯ 0.6 dynes/cm 2 in the distal segment after the first AVF closure, and was greater than 5 dynes/cm 2 in the middle and proximal segments. Wall shear stress increased by the end of the 6-week period of normal flow in each segment (Table III) . However, it was still lower in the distal segments (4.2 Ϯ 0.6 dynes/cm 2 ) compared with the proximal segments (9.32 Ϯ 2.4 dynes/cm 2 ; P Ͻ .001). Similar changes were observed in 2.0 cycle and 3.0 cycle of flow alteration. After the second period of AVF closure wall shear stress was less than 5 dynes/cm 2 in the middle and distal segments, and greater than 5 dynes/cm 2 in the proximal segment. After the third period of AVF closure, wall shear stress was less than 5 dynes/cm 2 in all carotid segments, and wall shear stress in the distal segments was significantly lower (2.6 Ϯ 0.6 dynes/cm 2 ) than in the middle and proximal segments (Table III) .
Wall shear stress in prolonged groups was significantly reduced in all segments immediately after AVF closure, and was lowest in animals exposed to 15 weeks of AVF, owing to maximal artery lumen enlargement in this group. In 4w-26w animals wall shear stress was less than 5 dynes/cm 2 in the middle and distal segments. After 26 weeks of normal flow wall shear stress was greater than 5 dynes/cm 2 in the proximal and middle segments, but was still less than 5 dynes/cm 2 in the distal segments. In 8w-22w animals wall shear stress was less than 5 dynes/cm 2 in the middle and distal segments immediately after AVF closure, and after 22 weeks of normal flow was still less than 5 dynes/cm 2 in the middle and distal segments. In 15w-15w animals wall shear stress was less than 5 dynes/cm 2 in all segments after AVF closure. Wall shear stress was elevated within 15 weeks of normal flow in all segments, but was less than 5 dynes/cm 2 .
Wall shear stress in the distal segments was much lower than in the middle and proximal segments (Table III) . Morphologic changes. During the 4 weeks of high flow (0.5 cycle) the carotid arteries dilated with remarkable internal elastic lamina fragmentation. There was no intimal thickening in any segments. The lumen surface exhibited many irregular depressed areas covered by spindle endothelial cells at scanning electron microscopy. After 6 weeks of normal flow (1.0 cycle) the distal carotid segment showed a clear and remarkable layer of intimal thickening (i1). It consisted of smooth muscle cells, which were longitudinal to the vessel axis; collagen and elastin surrounded them (Fig 3, F) . At scanning electron microscopy endothelial cells were well preserved, with normal flat round or oval anatomy (Fig 4, F) . The middle and proximal segments had no significant intimal thickening (Fig 3, D, E) . Endothelial cells were well preserved, with normal flat ovoid and longitudinal cells similar to those seen in 3.0-cycle sham-operated animals (Fig 4, A, D, E) .
After the second period of high flow (1.5 cycle) the arterial wall was remodeled, with no new intimal thickening (Fig 3, B, C) . Lumen surface depressions were again seen, covered by proliferative endothelial cells (Fig 4, B) . After the second period of normal flow (2.0 cycle) a new layer of intimal thickening (i2) was observed on top of the first layer of intimal thickening (i1) in the distal segment, expending to the media in the middle segment (Fig 3, H, I ). The characteristics of the new intimal layer (i2) were the same as those of the first layer (i1). The depressed areas visible in each segment at the end of the high flow period were restored completely. The luminal surface was smooth, and endothelial cells were flat, and round or oval in the segments with intimal thickening, whereas they were flat, and longitudinal spindle shaped in the segment without intimal thickening (Fig 4, G-I ).
After the third period of high flow (2.5 cycle) the changes in lumen surface at the end of the high flow period (3.0 cycle) were similar to those seen in the 1.5 cycle (Fig 4,  C) . After the third normal flow period a new layer of intimal thickening (i3) was seen in the proximal, middle, and distal segments (Fig 3, J-L) . The luminal surface was smooth, and endothelial cells were flat, wide, and round or oval in each segment (Fig 4, J-L) . After the three cycles of flow changes, three distinct layers of intimal thickening (i1, i2, i3) were evident in the distal segment, two distinct layers of intimal thickening (i2, i3) were evident in the middle segment, and one layer of intimal thickening (i3) was evident in the proximal segment. There were no significant arterial structure changes in sham-operated control animals, which was similar to the normal control animals. Three-dimensional configuration of the left CCA was made according to the above data (Fig 5) .
Prolonged AVF opening and closing. Changes in wall structure and lumen surface during periods of high flow were similar to the changes described above. Intimal thickening was observed only in the distal segment in 4w-26w animals (Fig 6, C) , and in the middle and distal segments in 8w-22w animals (Fig 6, E, F) . Intimal thickening was induced in the middle and distal segments, in one proximal segment in 15w-15w animals (Fig 6, G-I) . Endothelial cells on the lumen surface were flat, wide, and round or oval in the segments with intimal thickening, and were flat and longitudinal in the segments without intimal thickening.
Cross-sectional area of the media. After the first period of high flow (0.5 cycle), CSAm was similar in the three carotid segments, and was not different from that in sham-operated control animals. After AVF closure (1.0 cycle) there was no difference in CSAm between the three carotid segments (Table IV) .
After the second period of high flow (2.0 cycle) there was no significant difference in CSAm. However, CSAm was significantly increased in the distal carotid segment after flow reversal, as compared with that in the 1.0 cycle. It was also significantly increased compared with that in the middle and proximal segments (Table IV) .
After the third period of high flow (2.5 cycle) a significant increase in CSAm was observed in all carotid segments compared with that in the 0.5 cycle and 1.5 cycle. This increase persisted after a period of normal flow (3.0 cycle), with an additional increase in CSAm in the distal segment (Table IV) .
Prolonged AVF opening and closing. CSAm was larger than in sham-operated control animals in all prolonged experiments (Table IV) . The largest increase in CSAm was seen in the distal segments in 15w-15w animals.
Cross-sectional area of intima. Changes in CSAi are shown in Table IV . Maximum CSAi was seen in the distal carotid segments after three cycles of flow alteration, and CSAi increased with increasing exposure to low wall shear stress. CSAi did not change during periods of high flow.
DISCUSSION
Our study addressed the question of how repeated and prolonged exposure to periods of high flow and low wall shear stress affect arterial remodeling along the length of an artery. We found that the arterial remodeling response to high flow and high wall shear stress is more uniform along the length of the artery, despite exposure to the same initial flow conditions. Flow induced enlargement and elongation increased along the length of the artery, and were maximal in the distal artery, which was closest to the AVF. Closure of the AVF returned blood flow to normal along the length of the artery, but wall shear stress was more uniform because of the larger lumen diameter in the distal artery. This resulted in subnormal levels of wall shear stress, less than 5 dynes/cm 2 in the distal artery, which stimulated intimal thickening. High flow resulted not only in lumen enlargement, but also in arterial elongation and development of tortuosity. Reversal of the high flow stimulus resulted in constriction and shortening of the artery, but not to baseline. Intimal thickening appeared to occur only if wall shear stress fell to less than 5 dynes/cm 2 . These changes were repeatable and reproducible with each cycle of high and normal blood flow. Hemodynamic forces are potent modulators of vascular structure. In flow-mediated vasodilation the shear stress is usually returned to its normal level (10-20 dynes/cm 2 ) by a change in arterial geometry. 2, 13, 14 Under physiologic conditions a small change in the mechanical environment will alter cellular responses, with rapid reequilibration returning the flow environment and the sensing system toward normal. During remodeling of the arterial wall in response to a continued and pathologic change in blood flow a similar sequence of events occurs, and involves changes in gene expression to effect the remodeling. 6, 10, 15 In this study we demonstrated that high flow induced arterial elongation and dilatation initially and most prominently in the distal arterial segment. Our previous research 11 suggested that high blood flow induces endothelial cell proliferation and blood flow causes migration of proliferated endothelial cells from proximal to distal. This results in accumulation of endothelial cells in the distal segment of the artery, possibly further inducing distal segment dilatation. The mechanism of flow-induced arterial dilation distal to proximal is unclear, and needs to be studied in more detail to help our understanding of how and why high flow induces and regulates arterial dilation.
Restoration of normal blood flow in an enlarged artery results in reduction in wall shear stress, thus inducing arterial intimal thickening, perhaps as a compensatory mechanism to reduce lumen diameter. 3, 9, 16, 17 Intimal thickening reduces lumen caliber, thus increasing blood flow velocity and restoring the wall shear stress toward the normal value of 10 to 20 dynes/cm 2 . Thus it appears that wall shear stress is an important regulator of artery lumen diameter. In this investigation we found that arterial intimal thickening developed in the artery segments where the wall shear stress was less than 5 dynes/cm 2 , and not in the segments where the wall shear stress was greater than 5 dynes/cm 2 . This suggests that the value of 5 dynes/cm 2 (the range in this study was 4.6 Ϯ 0.4-5.1 Ϯ 0.4 dynes/ cm 2 ) may serve as a threshold for induction of intimal thickening. It is possible that arteries enlarged from high flow are exposed to chronic subnormal wall shear stress; intimal thickening continues for as long as local shear stress remains at less than 5 dynes/cm 2 . We also found that low wall shear stress induces media hyperplasia by stimulating medial smooth muscle cell proliferation. 17 This medial proliferation appears to continue as long as the artery is exposed to low wall shear stress. Low shear stress thus induces both medial hyperplasia and intimal thickening, and both work in concert to reduce lumen caliber. In contrast, high shear stress stimulates medial hyperplasia while inhibiting intimal thickening.
Restructuring of the artery wall, with changes in thickness and composition in response to high flow and high wall shear stress, and to low flow and low wall shear stress, is endothelial cell-dependent. 3, [18] [19] [20] Removal of endothelial cells before coarctation or before creation of an AVF results in failure of the arterial wall to adapt. The endothelial cells therefore have an important role in signaling and regulating the mechanically stimulated remodeling process.
Sequential elongation and shortening of the carotid artery, accompanied by the development of significant tortuosity, particularly in the distal portion of the artery, demonstrates flow-induced arterial remodeling, not only arterial dilatation or intimal thickening. Once carotid arteries are elongated from high flow, they lose the ability to recover after flow normalization. Reconstruction of the artery wall structure and matrix composition with medial smooth muscle cell proliferation and reorientation, and intimal thickening in response to flow stimuli, alter the artery's capabilities and responses to further stimuli. This adaptation of the artery to withstand the imposed stress is beneficial, and allows it to function. The mechanisms of the adaptive response need to be investigated in further experiments. Although the artery's ability to expand appears limited, our experiment suggests that the artery's ability to respond to low shear stress by intimal thickening is not limited. Our data show that the neointima increased by the same volume with each low shear stress stimulus during each period.
The mechanism by which low wall shear stress regulates intimal thickening is not well understood. Perhaps an optimal shear environment for endothelial cells is necessary. Ingber et al 21 showed that endothelial cell phenotype in vitro is altered by varying the number of contact points between the cells and the underlying matrix substrate. A high number of these contacts are associated with proliferation, whereas fewer contacts induce tubule formation, a phenotype associated with cellular quiescence. The endothelium probably has a regulatory role in this adaptation of wall structure to altered wall shear stress, because endothelial cells, rather than the smooth muscle cells beneath, are in contact with the flowing blood. Thus they most likely transfer the physical stimuli of wall shear stress to a biologic effect. Endothelial cells are clearly sensitive to changes in wall shear stress. Responses include alterations in morphologic appearance, cytoskeletal organization, prostacyclin production, pinocytosis, potassium ion channel activation, and tissue plasminogen activator transcription and secretion. [22] [23] [24] [25] [26] [27] [28] Wall shear stress can influence smooth muscle cell proliferation by moderating endothelial cell production of smooth muscle cell regulatory molecules. They are capable of producing many such factors, including both growth promoters and growth inhibitors. [29] [30] [31] [32] We have demonstrated that inner media smooth muscle cells are the source of intimal smooth muscle cells in low shear stress-induced intimal thickening 17 and that they respond to endothelial cell stimuli.
In summary, arteries demonstrate two separate and distinct adaptive remodeling responses to hemodynamic stimuli. The first is adaptive enlargement to high flow and high shear stress. This is characterized by enlargement, elongation, and tortuosity. There is smooth muscle cell proliferation and endothelial cell proliferation, and distal migration, but no intimal thickening. The second is remodeling in response to low wall shear stress. This second remodeling process involves arterial shortening and constriction, with intimal proliferation and thickening. Thickening of the intimal layer acts to reduce lumen diameter, and thus tends to restore wall shear stress to normal levels. Our experiments suggest that a threshold value of 5 dynes/ cm 2 (4.6 Ϯ 0.4-5.1 Ϯ 0.4 dynes/cm 2 ) is needed is to initiate and sustain the intimal thickening response. These results highlight the importance of flow in the development of intimal thickening, and may help identify the factors that produce flow-limiting intimal hyperplasia, which is the primary cause of failure of bypass grafts, and coronary angioplasty and stenting. Low flow and low wall shear stress in these vessels may contribute to the development of intimal hyperplasia and graft failure over time.
